We have performed the measurement of Casimir force between a spherical Au tip and an atomically flat Si(111)-(7×7) surface at tip-sample distances ranging from 15 to 50 nm in an ultrahigh vacuum of 
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In the works summarized in Table I , the Casimir force was measured instead of the van der Waals force. The reason is that the Casimir force is thought to be the limiting case of the van der Waals force when the separation between the two bodies becomes large enough for retardation to be included.
16, 17)
The Casimir force per unit area between two parallel plates having infinite permittivity and separated by the distance d pp is expressed as F pp = −π 2 ℏc/240d pp 4 . It is strongly dependent on the distance d pp ; however, it is an experimentally difficult task to configure parallel plates separated by less than a nanometer-scale. Therefore, the forces between a large sphere and a flat plate were measured in the previous studies, except in the experiment reported in Ref.
14. The corresponding Casimir force was calculated as F sp = −π 3 Rℏc/360d sp 3 on the basis of the proximity force theorem, 24) where R and d sp are the radius of the sphere and the distance from the lowest surface of the sphere to the surface of the plate, respectively. The behavior of the Casimir force in a metal-semiconductor system is slightly different from that in a metal-metal system.
Since the Casimir force is sensitive to the conductive properties of the semiconduc-
3.0 μm tors, 16, 17, 22, 25, 26) it should be possible to modulate the force in a metal-semiconductor system that is useful for NEMS applications. Therefore, we focus on the Casimir force between a metal and a semiconductor in this study. Spherical Au objects were widely used in the experiments listed in the 
27)
For experimental studies of the Casimir force, atomic force microscopy (AFM) has been widely used to evaluate the subtle force. To minimize capillary force due to water layers 28) on surfaces and improve the sensitivity of force-sensing cantilevers, AFM measurements have been performed in a vacuum, as seen in Table I . An ultrahigh vacuum (UHV) provides an atomically clean surface without contaminants that may cause residual patch charges and increase surface roughness. We have investigated the distance dependence of the force in a UHV with an atomically clean Si(111) surface at tip-sample distances shorter than those reported in the previous works. Furthermore, the distance dependence of force between a spherical Au tip and a Si(111)-(7×7) surface at distances ranging from 50 to 15 nm in a vacuum of 1.5 × 10 −8 Pa is discussed.
Experimental procedure
A conventional frequency-modulation AFM (FM-AFM) system was used to investigate the force between a spherical tip and a flat surface in a constant-amplitude mode at Our measurement system (JEOL JAFM-4500XT) has a chamber for sample preparation, connected to an observation chamber equipped with the FM-AFM system. The preparation chamber has direct heating facilities for the Si(111) substrate to remove surface oxides and contaminants. The base pressure of both chambers was kept below 1.5 × 10 -8 Pa. The Si(111) substrate was outgassed by heating at 833 K over two days and then flashed at 1453 K for 10 s. Then, the substrate was cooled slowly from 1173 to 873 K to obtain the 7×7 reconstructed and atomically flat surfaces. By using a conventional AFM cantilever with an atomically sharp tip (PPP-QNCHR-10) and from the low-energy electron diffraction pattern, the atomically cleaned Si(111)-(7×7) surface was observed, as shown in Fig. 2 . After transferring the substrate to the observation chamber, the cantilever was heated to 423 K over two days to remove the surface adsorbates, including water molecules, in the preparation chamber.
In the FM-AFM experiments, the distance dependence of the frequency shift in the
cantilever oscillation was measured to estimate the interacting force. 30, 31) On the basis of the equation for conversion between frequency shift and force introduced by Sader et al., 31) the force acting between the tip and the sample was calculated by integrating the frequency shift over the whole distance. In our practical calculation, the integral is bounded at the distance where the measured frequency shift becomes constant against distance variation.
In order to investigate the Casimir force in detail, other interaction forces should be excluded. In particular, the following dominant forces should be minimized. The first is capillary force, 28) and the second is the electrostatic force that arises from the contact potential difference (CPD) between the tip and the sample. 10, 32) Since our measurements were carried out in a UHV environment after preparing the sample and the tip as described, the capillary force should be negligible. The bias voltage was applied between the tip and the sample to cancel the electrostatic force due to the CPD. To determine the value of the CPD, the amplitude shifts induced by the swept bias voltage were measured. If there are electrostatic patch potentials on the tip surfaces, the CPD may depend on the tip-sample distance and careful treatment would be needed to define its value. 33) To evaluate the influence of the patch potentials, the bias voltage was swept at five different distances. To avoid accidental crashing of the tip into the surface as a result of unstable feedback control in a small tip-sample distance range, small amplitude operation under the secondary resonant condition was employed. A higher mode has a higher spring constant and a lower mechanical quality factor, which are suitable for the small amplitude operation in dynamic force microscopy. 34) In this study, the amplitude shifts induced by the swept bias voltage were measured at the second resonant frequency (526 kHz). Figure 3 shows the amplitude shifts induced by the swept bias voltage on the Si (111) surface with the spherical Au tip at five different tip-sample distances. The CPD is defined as the bias voltage with which the amplitude is the maximum. The CPD should be carefully determined by assessing whether the CPD depends on the tip-sample distance;
Results and discussion
one should refer to the work performed by Inami and Sugimoto. 33) According to Inami and Sugimoto, 33) the CPD measurement based on the cantilever deflection produces an accurate CPD even if the CPD has a distance dependence. Since the distance dependence of the CPD is not notable in our CPD measurements based on the cantilever To convert the distance dependence of these parameters shown in Fig. 4 into the distance dependence of the force, the amplitude should be calibrated. Since an optical lever method is used to detect the oscillation of the cantilever in our experimental setup, the amplitude should be carefully calibrated. Our calibration procedure is as follows.
After the first contact of the sample with the tip, the tip touches the surface of the sample during part of the oscillating period. Therefore, the Si(111) surface renders the slope of the intermittent contact equal to 1. 35) Considering this fact, the amplitude was calibrated using the slope of the intermittent contact to the horizontal axis. Note that the values on the horizontal axis are reasonable in the angstrom range, since it had been calibrated already from the atomic-resolution images.
In the previous works, 9-11) the distance dependence of the frequency shift (gradient of the force) and that of the calculated force were compared with the theoretical ones to evaluate the Casimir force. To do so, the origin of the tip-sample distance estimated from the experiments should have the same meaning as that in the theory. In this paper,
we have defined the displacement of the sample as d experimental with its origin defined as the distance from the lowest surface of the tip to the surface of the sample. In the same way as in the other works, the tip-sample distance with the theoretical origin d theoretical should be obtained by adding an appropriate adjustment parameter d 0 , that
In other works, 9-11) d 0 was obtained by fitting the experimental force curve to the sum of the theoretical Casimir force and the electrostatic force caused by the residual CPD. In our case, d 0 was determined to be 12 nm by fitting the experimental force curve to the theoretical Casimir force, since the CPD was canceled by applying sample voltage. In the previous papers, the fitting parameters were given as 100, 9) and 120, 10) and 40 nm, 11) which means that the 12 nm used in our fitting is smaller than the previous ones.
This small value is due to the homogeneity of the Si(111) surface. The conventional FM-AFM observation revealed that the roughness of the Si surfaces is about 0.7 nm.
Since the clean Si (111) mental conditions. In the distance range from 15 to 50 nm, the observed forces fit to theoretical ones.
Chen et al. 17) showed that their experimentally estimated forces between Au and Si materials are well predicted by theoretical calculation of the Casimir force within the distance range from 60 to 100 nm with a roughness correction. Considering that we used the theoretical calculation expressed in the paper, our results shown in should not be applied in our case. Since the atomically clean and flat Si(111) surface of the sample has a small roughness that can be ignored in our analysis, only the surface roughness of the tip should be considered in determining d 0 .
At a distance shorter than 15 nm, the observed forces deviate from the theoretically calculated forces (see the inset in tip in this distance range should be developed and the experiment using a smoothly rounded spherical metallic tip should be performed. In our measurement, the small protrusion at the tip apex could act as an effective tip at distances less than 15 nm and cause the deviation.
Conclusions
We measured the interaction force dominantly caused by the Casimir force between a spherical Au tip and an atomically flat Si(111)-(7×7) surface at tip-sample distances ranging from 15 to 50 nm in an ultrahigh vacuum of 1.5 × 10 −8 Pa by FM-AFM. In the previous studies on the Casimir force between a metal and a semiconductor, the experiment was performed in a vacuum of 2.7 × 10 −5 Pa at distances down to about 60 nm.
17) The ultrahigh-vacuum condition provides atomically clean and flat Si (111) surfaces. In addition, a careful degassing treatment of the Au spherical tip reduces the residual CPD that must be compensated. These experimental conditions enable us to reveal the distance dependence of the force predominantly caused by the Casimir force down to the distance of 15 nm. The theory described in Ref. 17 enables good understanding of the distance dependence; however, more detailed discussion, including that on the roughness of the tip surface, which is comparable to the tip-sample distance, is needed to explain the deviation of the experimental results from the theoretically estimated values at the smaller distances.
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